Aims/hypothesis As adding metformin to insulin therapy has been advocated in type 1 diabetes, we conducted a systematic review of published clinical trials and clinical trial databases to assess the effects on HbA 1c , weight, insulin-dose requirement and adverse effects. Methods We constructed evidence tables and fitted a fixedeffects model (inverse variance method) in order to assess heterogeneity between studies and give a crude measure of each overall treatment effect. Results Of 197 studies identified, nine involved randomisation with informed consent of patients with type 1 diabetes to metformin (vs placebo or comparator) in either a parallel or crossover design for at least 1 week. We noted marked heterogeneity in study design, drug dose, age of participants and length of follow-up. Metformin was associated with reductions in: (1) insulin-dose requirement (5.7-10
Introduction
Tight glycaemic control using intensive insulin therapy was shown in the DCCT to reduce rates of microvascular complications in type 1 diabetes [1] . However, achieving and maintaining such control in type 1 diabetes using standard insulin therapy requires a high level of support and is associated with more hypoglycaemia, increased weight gain and, in some patients, aggravation of cardiovascular risk factors including dyslipidaemia [2, 3] .
Metformin is an inexpensive and established oral glucose-lowering agent widely used in the treatment of type 2 diabetes [4] . Metformin, a biguanide agent, is firstline oral pharmacotherapy for type 2 diabetes in the UK and elsewhere, in accordance with guidance from the National Institute for Health and Clinical Excellence/National Collaborating Centre for Chronic Conditions (NICE/NCC) [5] and international guidelines, such as those issued jointly by the American Diabetes Association and the European Association for the Study of Diabetes [6] and the International Diabetes Federation [7] .
Activation of the energy-regulating enzyme AMPactivated protein kinase (AMPK), principally in muscle and the liver, is considered a major mode of metformin action [8] . Therapy in type 2 diabetes is associated with decreased hepatic glucose production, decreased fasting plasma glucose, a reduction in HbA 1c level, weight stabilisation/loss, modest reductions in serum triacylglycerol, VLDL and LDL levels, as well as decreased Creactive protein, platelet activation and procoagulant factors (such as factor VII and fibrinogen) [9] . In the UK Prospective Diabetes Study (UKPDS) [10, 11] and the A Diabetes Outcome Progression Trial (ADOPT) [12] , patients randomised to metformin therapy experienced less weight gain than those allocated to other oral therapies, together with equivalent or lower rates of hypoglycaemia [12, 13] . Importantly metformin therapy was associated with a substantial 33% reduction in the rate of myocardial infarction in people with type 2 diabetes in the UKPDS, and this was sustained to 10 years after the end of randomisation [14] . Metformin therefore has properties that make it an attractive potential adjunct agent in type 1 diabetes.
The published summaries of the evidence on the effects of metformin in type 1 diabetes are incomplete. A recent review [15] did not include the two largest trials to date [16, 17] but did include data from a non-randomised controlled study [18] . A recent Cochrane review [19] only included the two trials [20, 21] conducted in adolescents. We have therefore conducted a systematic review aimed at capturing all published data from randomised trials that involved using metformin in people of any age with type 1 diabetes.
Methods
Our objective was to capture all trial data for metformin in type 1 diabetes where the trial was: (1) randomised; (2) lasted at least 1 week; (3) used either a comparator drug or placebo or used a crossover design; and (4) included consenting patients. We extracted any data on cardiovascular disease (CVD), HbA 1c , body weight or BMI, insulin dose, lipids and adverse effects. An online reference to trial N0394131469, initially accessed in the first search (week 4 January 2009), was no longer accessible on searching across multiple research registers on relevant websites (www.nrr.org.uk; www. controlled-trials.com) in the updated search (6 October 2009).
Search strategy
On the controlled-trials.com meta-register, one additional glycaemic/metabolic trial was found: NCT00145379, not completed, still recruiting (n=50).
Participants Participants were those of any age described by the authors of the publications as having type 1 diabetes or insulin-dependent diabetes or youth-onset diabetes.
Analysis We decided to summarise the data mostly in text and tabular form as there was obvious heterogeneity between studies in methods, design and outcome measures. However, we also present some data using standard metaanalysis techniques [24] ; the two trials of very short duration [25, 26] were excluded from these. Strictly speaking these formal meta-analysis techniques should be used only when a group of studies is sufficiently homogeneous in terms of participants, interventions and outcomes to provide a meaningful summary [24] . Nevertheless, we considered it useful to have a measure of the statistical significance of apparent effects.
With these reservations, a fixed-effects model using the inverse variance method was fitted to give a crude measure of the overall treatment effect, to assess its statistical significance and to assess the heterogeneity of treatment effect between studies. We examined the outcomes of effect on %HbA 1c and on insulin dose. The metan STATA user command was used, which quantifies heterogeneity using the I 2 measure [27] . Of the eight eligible studies, one study [23] was excluded as it may have been incorrectly analysed as if it were a parallel-group study (in which case the standard deviations would not be valid). Three other studies could not be included as they either did not report the outcomes of interest [25, 26] , or because the data items necessary for inclusion in a combined analysis were not reported [17] . The data were extracted as %HbA 1c and as U/day for insulin dose (using mean weight at baseline in each treatment group to convert insulin in U kg −1 day −1 to U/day). For some studies, only attained mean levels were available rather than changes from baseline by treatment group; therefore, we derived treatment effect as the net difference in absolute units of outcome between metformin and placebo groups. The obvious methodological heterogeneity in study design, drug dose, age of participants and length of follow-up render the combined estimates of effect somewhat imprecise.
Results
The initial electronic search identified 187 studies (Fig. 1) . A manual review of the citations yielded an additional ten studies. In total, 47 of these publications were judged to be relevant to metformin therapy in type 1 diabetes. Analysis of publications revealed: 17 were observational studies with no random allocation and/or no comparator group [18, 22, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] ; 11 were reviews, letters or commentaries [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] ; two did not contain any quantitative estimates of effects [54, 55] ; one concerned an outcome (erythrocyte binding of insulin) not judged relevant [56] ; and four were abstracts of papers subsequently published [57] [58] [59] [60] . Of the remaining 12 publications, one concerned insulin-requiring type 2 diabetes rather than type 1 diabetes (noted after translation) [61] , and one covered a treatment period of fewer than 7 days [62] . Only ten studies were therefore identified [16, 17, 20, 21, 23, 25, 26, [63] [64] [65] . One of these, which was conducted on participants living in a children's home and did not mention informed consent, was excluded from further analysis [64] .
The final nine studies [16, 17, 20, 21, 23, 25, 26, 63, 65 ] covered a total of 192.8 patient years, and the number of completed participants ranged from ten to 92 (median 26) (two studies did not report number completed [17, 26] ) ( Table 1 ). The total maximum daily metformin dose varied from 1,000 to 2,550 mg; duration of therapy ranged from 7 days to 12 months (median 4 months). Two studies were available only in abstract form [17, 26] , including one of the largest studies (n=80), which dated from 2000 [17] .
All nine studies evaluated at least one glycaemic control or blood glucose variable in association with metformin treatment (Table 2 ), but only seven reported mean change PUBMED and/or EMBASE (n=187)
Hand-search of citations (n=10)
Potentially relevant articles (n=47)
Articles excluded (n=37):
• Observational; no random allocation and/or comparator groups (n=17) [18, 22, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] • Review, commentary, letter (n=11) [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] • Insufficient numerical data (n=2) [54, 55] • No relevant outcome (n=1) [56] • Abstract of later paper (n=4) [57] [58] [59] [60] • No evidence of type 1 diabetes after translation (n=1)
[61] • Duration of treatment <7 days (n=1) [62] Randomised metformin trials in adults with type 1 diabetes (n=10) [16, 17, 20, 21, 23, 25, 26, [63] [64] [65] No informed consent (n=1) [64] Intervention trials meeting inclusion criteria (n=9) [16, 17, 20, 21, 23, 25, 26, 63, 65] Gin [25] 1985 Full 1,700
Hamilton [20] [16, 17, 20, 21, 23, 63, 65] , which was reduced by 0.6-0.9% in four studies [17, 20, 21, 23] , with no significant change in three [16, 63, 65] (overall range +0.13% [16] to −0.9% [21] ). The remaining two (shorterterm) studies reported other glycaemic benefits, including an 18% increase in glucose uptake (artificial pancreas hyperinsulinaemic-euglycaemic clamp) [25] , and improved postprandial glucose handling [26] . Of the seven studies in which insulin dose was not fixed by design [16, 17, 20, 21, 23, 63, 65] , insulin-dose requirement was reduced by 5.7-10.1 U/day in six of seven studies (the study which reported no change was conducted in adolescents) [21] . The same seven studies were of sufficient duration to report data on changes in weight or BMI. Metformin reduced weight by 1.7-6.0 kg in three [16, 17, 65] of six studies [16, 17, 21, 23, 63, 65] . A sustained and statistically significant reduction (mean 1.74 kg) was reported in the largest study, which was also of the longest duration [16] .
Total cholesterol was reported in seven studies: it was reduced by 0.37 mmol/l in comparison with placebo in the largest study [66] , and by 0.3-0.41 mmol/l with respect to baseline (but not placebo) in two others [23, 63] . 'No change' was reported in the other four studies [20, 21, 25, 65] .
For formal meta-analysis, only five studies reported the necessary means and standard deviations for insulin dose and HbA 1c [16, 20, 21, 63, 65] ; there were insufficient data for weight and lipids. Figures 2, 3, 4 and 5 summarise the data in standardised mean differences (SMDs) between treatment groups (i.e. the mean difference/standard deviation of mean difference). Analysing all five studies, the overall effect on %HbA 1c was a standardised mean difference between treatment groups of −0.10 (i.e. 0.10 standardised units lower in the metformin group 95% CI: standardised mean difference reduction of -0.36 to 0.15, p=0.42). This translates into an absolute difference of 0.11 units lower %HbA 1c in the metformin than placebo groups (not statistically significant) (Fig. 2) . As there was some suggestion of heterogeneity (p=0.175), we carried out a sensitivity analysis of the four smaller and shorter studies [20, 21, 63, 65] . Thus, excluding the largest study [16] the overall effect on %HbA 1c was a standardised mean difference between treatment groups of −0.30 (i.e. 0.30 standardised units lower in the metformin group 95% CI: standardised mean difference of −0.64 to 0.037, p=0.081). This translates into an absolute difference of 0.28 units lower %HbA 1c (not statistically significant) in the metformin than the placebo groups, with little evidence of heterogeneity (p=0.353) (Fig. 3) .
All five studies [16, 20, 21, 63, 65] showed a reduction in daily insulin dose with metformin, with the overall measure of the treatment effect being a standardised mean difference between treatment groups of −0.65 (i.e. 0.65 standardised units lower in the metformin group 95% CI: standardised mean difference of -0.92 to -0.39 units, p<0.001). This translates into an absolute difference in insulin-dose requirement of 6.6 U/day lower in the metformin than placebo groups. The χ 2 test of heterogeneity was not statistically significant (p=0.41), with most of the information coming from the Lund et al. study [16] (Fig. 4) . A similar sensitivity analysis of the four smaller and shorter studies [20, 21, 63, 65] , excluding Lund et al. [16] confirmed a reduction in daily insulin dose with metformin, with the overall measure of the treatment effect being a standardised mean difference between treatment groups of −0.55 (i.e. 0.55 standardised units lower in the metformin group 95% CI: standardised mean difference of −0.90 to −0.21 units, p=0.002). This translates into an absolute difference of 7.16 U/day lower in the metformin than placebo groups. The χ 2 test of heterogeneity was not statistically significant (p=0.365) with most of the information coming from Meyer et al. [63] (Fig. 5 ).
There were trends for increased major and/or minor hypoglycaemia with metformin therapy in six [16, 20, 23, 26, 63, 65] out of seven studies in which this adverse effect was mentioned [16, 20, 21, 23, 26, 63, 65] (Table 2) ; this reached statistical significance in two of the smaller studies [20, 65] . There were no reports of lactic acidosis associated with metformin therapy. Rates of gastrointestinal adverse effects were not systematically reported except in two studies [16, 65] , with rates being nearly identical in metformin and placebo groups in the largest study [16] .
No studies of any design evaluating cardiovascular function, structure or events were identified.
Discussion
We found only nine randomised studies of metformin therapy in type 1 diabetes, two of which were small and experimental. There were only 192.8 patient years of randomised follow-up in the literature which compares adversely with the evidence for statin therapy in type 1 diabetes (over 6,000 patient years), although even this is inconclusive [67] . Reflecting the paucity of the evidence underpinning metformin in type 1 diabetes, recent publication of a single study [16] from the Steno Diabetes Centre almost doubled the available patient years of randomised follow-up. Overall, the grade of evidence according to the Cochrane GRADE system for our main outcomes of glycaemic control and insulin dose is, at best, moderate [24] .
Only five studies [16, 20, 21, 63, 65] could be formally combined in a meta-analysis: there are obvious constraints to the interpretations of such sparse and heterogeneous data. Nonetheless, there was evidence of a significant effect of To convert values for insulin sensitivity to SI units (×10 Lipid data published separately [66] g Only biochemical hypoglycaemia was registered CSII, continuous subcutaneous insulin infusion; DDBP, daytime diastolic blood pressure; DSBP, daytime systolic blood pressure; FSIGT, frequently sampled intravenous glucose tolerance test; HC, hip circumference; HEC, hyperinsulinaemic-euglycaemic clamp; MF, metformin; NDBP, night-time diastolic blood pressure; NSBP, night-time systolic blood pressure; PL, placebo; TC, total cholesterol; WC, waist circumference; Wt, weight metformin in reducing daily insulin dose requirement.
There was no significant effect on HbA 1c , which might be expected as, over time, patients would tend to self-titrate their insulin dose towards their usual HbA 1c , unless this was prohibited by the protocol. Overall, the evidence we have reviewed is consistent with a whole-body insulinsensitising effect of metformin. A predicted concomitant attenuation in weight gain with lowering of required insulin doses was seen in the largest and longest trial [16] , which was of twice the duration of any other study. A reduction in weight was also reported over 6 months' treatment in the most recently published study [65] , in which use of a specific algorithm for insulin titration resulted in a mean dose reduction of 20%. In keeping with the evidence in type 2 diabetes, as recently reviewed by Wulffele et al [68] , there was also a relatively consistent signal that metformin may reduce total cholesterol and LDL-cholesterol in adults with type 1 diabetes [66] .
In terms of adverse effects, we noted trends towards increased rates of hypoglycaemia in association with adjunct metformin therapy, although this reached statistical significance in only two of the smaller trials [20, 65] . Furthermore, although the largest trial did not report increased rates of metformin-associated major or minor hypoglycaemia, there were significantly more major hypoglycaemic events leading to unconsciousness among metformin-treated individuals with type 1 diabetes [16] . Clearly, even with this weak evidence, physicians contemplating a recommendation of metformin therapy for their patients with type 1 diabetes should advise them carefully regarding insulin-dose adjustment and blood-glucose monitoring. Surprisingly, gastrointestinal adverse effects were infrequently mentioned by investigators. In the largest trial, two of 108 patients screened dropped out for this reason in a run-in period; thereafter, these effects occurred in almost half of the remaining patients, but in almost exactly equal Overall (I 2 =36.9%, p=0.175) Jacobsen et al. [65] Lund et al. [16] Study Meyer et al. [63] Hamilton et al. [20] Sarnblad et al. [21] -0.10 (-0. 36 proportions in the active and placebo groups [16] . No cases of lactic acidosis were reported in any of the trials. Although evidence from a Cochrane review has been reassuring on this account in type 2 diabetes [69] , randomised follow-up is clearly insufficient in type 1 diabetes, and concern continues to be expressed by some physicians [46] . The findings of the present review disagree to some extent from those of another recent review [15] . Pang and Narendran reported a reduction in HbA 1c with metformin therapy in type 1 diabetes on the basis of their metaanalysis of the three smaller trials on this topic [20, 21, 23] which they chose to combine with one of the three larger trials [63] , (but not the two largest [16, 17] ), along with an observational (controlled but non-randomised) trial that did not meet our inclusion criteria [18] . At the time of their review, the largest trial [16] was only available in abstract form [60] . Thus, although our own review has the limitation of being based on only 192.8 patient years of follow-up, it is a significant advance on the 54 patient years available in the only comparable publication to date. The conclusions of both reviews on outcomes other than HbA 1c (weight reduction, insulin dose requirement and cholesterol) were, however, generally similar. While acknowledging that studies of duration as short as 1 to 3 weeks are unlikely to yield information on efficacy, we opted to include them in this review simply as potential sources of information on safety and tolerability, particularly given the paucity of evidence available. These studies were excluded from the formal meta-analysis.
As potential chance differences (randomisation error) at baseline between groups allocated to treatment can influence the outcome of smaller studies, an ideal approach for meta-analysis is to base calculations on data adjusted for baseline values. As such information was not available for all studies, we derived the treatment effects reported from Overall (I 2 =0.0%, p=0.410)
Study
Hamilton et al. [20] Lund et al. [16] Jacobsen et al. [65] Meyer et al. [63] Sarnblad et al. [21] -0.65 (-0 absolute units of outcome; we acknowledge this as a limitation, but believe it unlikely to have significantly impacted on the conclusions. A further constraint is that magnitude of treatment effect can be influenced by differences in entry criteria between trials (e.g. for HbA 1c ): we believe that such methodological issues inherent to meta-analysis only strengthen the case for further larger trials. Following UKPDS [10] and its more recent 10 year postrandomisation follow-up [14] , metformin is widely considered to protect against cardiovascular complications in type 2 diabetes. This is the principal reason for its current status as first-line therapy in this condition. It should be recalled that only 753 patients were included in this specific UKPDS randomisation, and that an effect in the other direction was observed when it was combined with a sulfonylurea [10, 70] . Recently published results from the Hyperinsulinaemia: the Outcome of its Metabolic Effects (HOME) trial have shown that metformin improves macrovascular outcomes in insulin-treated type 2 diabetes patients [71] . This is consistent with some data, including from one of the present authors (J. R. Petrie) , that metformin may have intrinsic (and possibly direct) beneficial effects independent of glucose lowering on the cardiovascular system via activation of AMPK [72] [73] [74] in a number of conditions [72, 75, 76] . If this is accepted, the hypothesis that metformin might prevent cardiovascular complications in type 1 diabetes should also be tested formally, as even young adults with this condition have an extremely high relative risk of CVD [77] [78] [79] . The data reviewed herein provide useful information to guide the design of such a future trial.
To our knowledge metformin therapy is not advocated in any major national or international guidelines for the management of type 1 diabetes, nor in our own regional guidelines. However, routine searches we recently conducted of anonymised type 1 diabetes prescription data in Tayside, Scotland [80] (population 400,000, with approximately 1850 classified as having type 1 diabetes and diagnosed aged <35 years), estimated that 7.9% with BMI> 27 kg/m 2 were receiving metformin, rising to 13.0% for those with BMI>30 kg/m 2 . Even allowing for any residual misclassification, it is therefore likely that many thousands of people with type 1 diabetes worldwide are receiving an unproven therapy of unknown long-term efficacy (albeit a familiar one with an attractive theoretical underpinning and the potential to result in reductions in rates of CVD). Considering that type 1 diabetes is usually diagnosed in childhood or adolescence and is a lifelong condition, we believe that properly designed randomised controlled clinical trials of sufficient size and duration to have the power to show reductions in CVD should be conducted forthwith. Given that metformin use in type 2 diabetes has also been associated with reduced cancer risk [81] , it would additionally be desirable to investigate this relationship in metformin-treated people with type 1 diabetes.
In summary, our systematic review and meta-analysis of the randomised trials in the literature indicates that metformin therapy in type 1 diabetes is associated with a reduced insulin-dose requirement but no clear evidence of an improvement in glycaemic control. In addition, there may be small reductions in weight and total cholesterol/ LDL-cholesterol, but there are no data on cardiovascular outcomes or their surrogates. We suggest this is an important area for future study.
